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Recent measurements of the dipole anisotropy in the arrival directions of Galactic cosmic rays
(CRs) indicate a strong energy dependence of the dipole amplitude and phase in the TeV–PeV range.
We argue here that these observations can be well understood within standard diffusion theory as
a combined effect of (i) one or more local sources at Galactic longitude 120◦ . l . 300◦ dominating
the CR gradient below 0.1–0.3 PeV, (ii) the presence of a strong ordered magnetic field in our
local environment, (iii) the relative motion of the solar system, and (iv) the limited reconstruction
capabilities of ground-based observatories. We show that an excellent candidate of the local CR
source responsible for the dipole anisotropy at 1–100 TeV is the Vela supernova remnant.
PACS numbers: 98.70.Sa, 98.35.Eg
Introduction.—Cosmic rays (CRs) below the knee at
3–5 PeV are expected to originate in Galactic sources,
presumably supernova remnants [1]. After CRs are re-
leased by their sources, they start to diffuse through the
Galactic environment as a result of repeated scattering
in chaotic magnetic fields. This mechanism explains the
high isotropy of Galactic CR arrival directions despite
the fact that their sources should align with the Galactic
plane. In addition, higher energy (i.e., higher rigidity)
CRs are expected to diffuse faster and leave the Milky
Way more quickly. This 0dependent diffusive leakage
serves as one explanation for why the locally observed
CR density n has a much softer spectrum, n ∝ E−2.7,
than expected from diffusive shock acceleration in the
sources [2, 3].
Standard diffusion theory predicts a small residual
dipole anisotropy (DA) in the CR arrival direction. In
the case of isotropic diffusion with a smooth distribu-
tion of sources, the DA is expected to simply align with
the direction of the Galactic center with an amplitude
following the energy scaling of the diffusion tensor, typ-
ically Kiso ∝ Eβ with β ' 0.3–0.6. Indeed, various
CR, γ-ray, and neutrino observatories could identify DAs
in the arrival directions of CRs at the level of 10−4–
10−3, see Ref. [4] for a recent review. However, the data
from recent studies of ARGO-YBJ [5], EAS-TOP [6], Ice-
Cube/IceTop [7, 8], and Tibet-ASγ [9] indicate that the
TeV–PeV DA is not described by a simple power law and
undergoes a rapid phase flip at an energy of 0.1–0.3 PeV.
Fluctuations of the DA can be induced by the pres-
ence of local and young CR sources even if their individ-
ual contribution to the total CR flux is only subdomi-
nant [10–15]. The relative contribution of these sources
compared to the overall diffuse emission from distant or
old emitters depends on various aspects of the source
population and the Galactic diffusion region. In gen-
eral, one can expect phase rotations and amplitude mod-
ulations of the DA [12]. On the other hand, a phase
flip (with vanishing amplitude) would require some fine-
tuning of the contribution of local sources and the Galac-
tic average.
For practical reasons, most scenarios discuss ensemble
fluctuations of the DA under the assumption of isotropic
CR diffusion [10–14] (but see also Ref. [15]). This ansatz
seems appropriate for the prediction of the local CR den-
sity since CR diffusion from distant sources typically
averages over local properties of the diffusion medium.
However, the specifics of our local environment cannot
be neglected when it comes to discussing the observed
anisotropy. The presence of an ordered magnetic field in
our local environment with a strength at the level of 3µG
induces circular motion of CRs around magnetic field
lines with a Larmor radius rL ' 0.4EPeV/(ZB3µG)pc.
This length scale is much smaller than the typical scat-
tering length of TeV–PeV CRs predicted by isotropic dif-
fusion models and indicates a strong anisotropic diffusion
in our local environment.
We will show in the following that recent data on the
TeV–PeV DA are consistent with the predictions of stan-
dard diffusion theory if the effects of our local environ-
ment are properly taken into account. For a correct in-
terpretation of the CR data, it is also important to ac-
count for limited reconstruction capabilities of CR ob-
servatories often overlooked in phenomenological discus-
sions. Ground-based CR observatories are insensitive to
those CR anisotropy features that align with Earth’s ro-
tation axis. This can have a large effect on the observed
dipole amplitude if the true dipole aligns with the ce-
lestial poles. In addition, the limited integrated field of
view (FOV) of observatories introduces a cross talk of
the dipole with higher multipole moments.
Dipole anisotropy.—The DA in the plasma rest frame
(denoted by starred quantities in the following) is pro-
portional to the spatial gradient of the CR density ∇n?
and the diffusion tensor K,
δ? = 3K·∇ lnn? . (1)
In general, the diffusion tensor is expected to be invariant
under rotations along the orientation of the local ordered
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2magnetic field and can be written in the form
Kij =
BˆiBˆj
3ν‖
+
δij − BˆiBˆj
3ν⊥
+
ijkBˆk
3νA
. (2)
Here, Bˆ is a unit vector pointing in the direction of the
regular magnetic field, ν‖ and ν⊥ denote the effective
scattering rates along and perpendicular to the magnetic
field, respectively, and νA is the axial scattering rate (see,
e.g., Ref. [16]). For TeV–PeV CRs, ν⊥  ν‖ and νA 
ν‖ and in this case the diffusion tensor (2) reduces to
the first term corresponding to a projection of the CR
gradient onto the magnetic field direction [15, 17–19]. It
was already speculated in Ref. [18] that this projection
could explain the low amplitude of the observed DA in
the TeV–PeV range.
Anisotropic diffusion predicts that the DA of TeV–PeV
CRs should align with the local ordered magnetic field.
This ordered magnetic field corresponds to the sum of
the large-scale regular magnetic field and the contribu-
tion of a chaotic component averaged over distance scales
set by the Larmor radius. It has been argued that the
local ordered magnetic field on distance scales less than
0.1 pc can be inferred from the emission of energetic neu-
tral atoms (ENA) from the outer heliosphere observed
by the Interstellar Boundary Explorer (IBEX) [20]. The
emission of ENA is enhanced along a circular ribbon
that defines a magnetic field axis along l ' 210.5◦ and
b ' −57.1◦ with an uncertainty of ∼ 1.5◦ [21]. Polariza-
tion measurements of local stars within 40 pc suggest a
similar field direction along l ' 216.2◦ and b ' −49.0◦,
although with larger statistical and systematic uncertain-
ties [22].
The projection onto the regular magnetic field axis in
general does not allow one to reconstruct the CR gradi-
ent, which would indicate the position of local sources.
However, the phase of the projection serves as an esti-
mate for the location of the CR gradient with respect to
the magnetic hemispheres. In particular, the local mag-
netic field inferred from the IBEX observation divides
the Galactic plane into longitude bands 120◦ . l . 300◦
and the complement. The phase of the CR dipole data
then allows one to allocate the CR gradient within these
regions.
The relative motion of the solar system through the lo-
cal plasma frame introduces an energy-independent shift
of the dipole due to the Compton-Getting effect [23]. The
dipole in the comoving frame can be written
δ = δ? + (2 + Γ)β , (3)
where β = v/c is the normalized velocity vector of the
Sun through the plasma and Γ ' 2.7 is the CR spec-
tral index [24]. It should be noted that the exact rest
frame of the plasma is ambiguous and should also de-
pend on the CR rigidities under consideration. A natural
Observatory δ1 δ2 M11 M12 M13 M14 M15
EAS-TOP [6] 10◦ 58◦ 0.828 0.891 0.262 -0.331 -0.364
Tibet AS-γ [9] -30◦ 90◦ 0.842 0.323 -0.056 0.168 0.098
ARGO-YBJ [5] -10◦ 70◦ 0.848 0.613 -0.015 -0.086 0.135
IceCube [8] -90◦ -25◦ 0.651 -0.961 0.789 -0.324 -0.051
IceTop [7, 8] -90◦ -35◦ 0.575 -0.961 0.999 -0.695 0.256
full sky -90◦ 90◦ 0.785 0 0.184 0 0.091
TABLE I. The first five mixing coefficients (7) for a dipole
analysis after averaging the relative CR intensity over decli-
nation. We show results for TeV–PeV observatories with an
effective declination range [δ1, δ2] and the result for an ideal
observatory with a full FOV.
choice seems to be the local standard of rest (LSR) cor-
responding to the Sun’s motion towards the solar apex.
In this case, the velocity vector points to l ' 47.9◦±2.9◦
and b ' 23.8◦ ± 2.0◦ with vLSR ' 18.0 ± 0.9 km/s [25].
We will use this estimate in the following as our nomi-
nal value. Another choice would be the relative velocity
through the local interstellar medium (ISM) with ori-
entation l ' 5.25◦ ± 0.24◦ and b ' 12.0◦ ± 0.5◦ with
vISM ' 23.2± 0.3 km/s [26]. However, we will see in the
following that the relative scatter between.
Observation.— Because of the smallness of TeV–PeV
CR anisotropies their experimental observation requires
analysis methods that can account for uncertainties of
the local detector response [27–30]. These methods make
ground-based CR observatories incapable of observing
CR anisotropies along Earth’s rotation axis. More pre-
cisely, if we expand the CR relative intensity into spher-
ical harmonics Y`m in the equatorial coordinate system,
all a`0 coefficients are unconstrained by the observation
and consequently set to a`0 = 0 (see, e.g., Ref. [30]). The
observable dipole is then in the form
δobs = δ0he0h + δ6he6h , (4)
where e0h and e6h are unit vectors in the equatorial plane
pointing towards local sidereal time 0h (α = 0◦) and 6h
(α = 90◦), respectively, and δ0h = δ ·e0h and δ6h = δ ·e6h.
Because of these limited reconstruction capabilities,
most CR anisotropy analyses extract an equatorial dipole
amplitude A1 and phase α1 from the declination average
of the relative CR intensity I,
A1e
iα1 =
1
pi(s2 − s1)
2pi∫
0
dα
δ2∫
δ1
dδ cos δeiαI(α, δ) , (5)
where s1/2 = sin δ1/2 and [δ1, δ2] is the declination in-
terval of the observatories’ time-integrated FOV (see Ta-
ble I). Note that expression (5) assumes that any inten-
sity variation induced by the local detector acceptance
3is corrected, e.g., by following the method described in
Ref. [30].
Recent observations indicate that there exist signifi-
cant anisotropies in the arrival direction of CRs down to
angular scales of 10◦ [8, 31]. Hence, the observed relative
CR intensity must be expressed as a sum over spherical
harmonics in the form
I(α, δ) = 1 +
∑
`≥1
∑
m 6=0
a`mY`m(α, pi/2− δ) , (6)
where a`m are complex numbers obeying a`−m =
(−1)ma∗`m. The DA is expressed in terms of the ` = 1
coefficient as a1−1 = (δ0h + iδ6h)
√
2pi/3. With the most
general relative intensity (6), the integral (5) can be
rewritten in the form A1eiα1 =
√
3/2pi
∑
`M1`a`−1, with
M1` =
1
s1 − s2
√
2(2`+ 1)
3`(`+ 1)
s2∫
s1
dsP 1` (s) , (7)
where P 1` are the associated Legendre polynomials and
s1/2 = sin δ1/2.
Table I shows the mixing terms M1` for the first five
multipole moments for five different CR observatories.
The mixing terms are large and indicate that the pres-
ence of medium-scale anisotropy can have a significant
effect on the DA. We also show the mixing of multipole
moments derived from the one-dimensional dipole anal-
ysis for an ideal observatory with full sky coverage. In
the case of a large integrated FOV, the dipole analysis in
terms of a two-dimensional analysis of spherical harmon-
ics seems more appropriate (see, e.g., Ref. [30]).
However, under the assumption that higher multipole
moments are negligible, |a`−1|  |a1−1| for ` > 1, we can
proceed by estimating the projected dipole component as
(δ0h, δ6h) ' 1
M11
(A1 cosα1, A1 sinα1) . (8)
The statistical uncertainty of the dipole vector can be ex-
pressed via the uncertainties on the amplitude and phase
as
|∆(δ0h, δ6h)|2 ' (∆A1)
2 +A21(∆α1)
2
M211
. (9)
Figure 1 shows a summary of TeV–PeV anisotropy mea-
surements from the observatories listed in Table I. In or-
der to convert the amplitude and phase from declination-
averaged data to the true horizontal dipole components
we use the conversion (8) and correct for a Compton-
Getting effect of the solar motion in the LSR in the re-
lation (3). The EAS-TOP dipole measurement [6] is in-
ferred by the East-West method and in this case the re-
lation between measured and true dipole follows a differ-
ent relation (see Supplemental Material). The individual
data sets presented in Fig. 1 show a large relative scatter
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FIG. 1. Summary plot of the reconstructed TeV–PeV dipole
components δ?0h and δ
?
6h in the equatorial plane. The black
arrow indicates the Compton-Getting effect from the solar
motion with respect to the local standard of rest that we sub-
tracted from the data following Eq. (3). We follow Eq. (8)
to rescale the declination-averaged data of ARGO-YBJ [5],
Tibet-ASγ [9], and IceCube/IceTop [7, 8]. We also include re-
sults by EAS-TOP [6] derived by the East-West method (see
Supplemental Material). The numbers attached to the data
indicate the median energy of the bins as log10(Emed/TeV).
The colored disks show the 1σ error range estimated by
Eq. (9). The dashed line and gray-shaded area indicate the
magnetic field direction and its uncertainty (projected onto
the equatorial plane) inferred from IBEX observations [21].
We also indicate the direction towards the Galactic center
(GC).
at similar median energies, even after correcting for the
partial sky coverage of the observatories. This indicates
the contribution of cross talk of the dipole with ` & 2
multipoles of the individual observatories (see Table I).
The dashed line in Fig. 1 shows the best-fit magnetic
field direction inferred from the IBEX observation [21]
with uncertainties indicated by gray-shaded wedges. The
analysis of Ref. [19] already pointed out that the com-
bined anisotropy maps of IceCube at 20 TeV and Tibet-
ASγ at 5 TeV show a close alignment of large-scale fea-
tures with this local magnetic field direction as a result of
4anisotropic diffusion. One can see that this interpretation
is consistent with the general trend of the TeV–PeV data
collected by other observatories. Note that the phase of
the dipole below 0.1–0.3 PeV indicates that the CR gra-
dient aligns with Galactic longitudes 120◦ . l . 300◦.
Hence, the CR anisotropy below this energy is expected
to follow the contribution of one or more local sources,
rather than the average CR gradient pointing towards
the Galactic center region.
The CR anisotropy data beyond 1 PeV are incon-
clusive. The IceTop and Tibet-ASγ data suggest a
trend away from the IBEX fit. However, recent mea-
surements of the PeV CR anisotropy by KASCADE-
Grande [32] show dipole phases of α(3PeV) ' 225◦±22◦
and α(6PeV) ' 227◦ ± 30◦, consistent with the IBEX
observation. Because of the low significance of the cor-
responding amplitudes (3.7σ) these data points were not
shown in Fig. 1. Note that the Larmor radius of PeV
CR energies approaches rL ' 0.4 pc which extends to
outside the edge of the local cloud [33]. It is therefore
feasible that the average ordered magnetic field changes
orientation at this energy.
A plausible scenario: The Vela SNR.—Before we con-
clude, let us consider one example showing the contribu-
tion of a local source on the CR anisotropy in the presence
of a strong local magnetic field. For our calculation, we
assume that the spectrum of CRs from individual sources
can be derived from an effective isotropic diffusion tensor
with Kiso ' 4 × 1028(E/3GeV)1/3cm2/s and half height
H = 3 kpc of the diffusion region and a Galactic SNR
rate of RSNR = 1/30 yr−1 (see Supplemental Material).
The sources are assumed to follow an azimuthally sym-
metric distribution [34]. The local magnetic field in our
example aligns with the direction inferred by IBEX and
acts as a projection operator, assuming that the large-
scale effective isotropic diffusion rate coincides with the
local parallel diffusion rate.
The gradient of a local source at distance d and emis-
sion time τ reaches a maximum at an energy satisfying
6Kisoτ = d
2 with a contribution scaling as 3Kiso|∇n?| '
0.11Q?/(d
2cτ), where Q? is the time-integrated CR spec-
trum. Among the list of known local SNRs [35] Vela (l =
263.9◦, b = −3.3◦), at a distance of about 0.3 kpc [36],
with an age of 11 kyr [37], and with an ejecta energy of
1051 erg [38] is expected to have the strongest local con-
tribution to the CR anisotropy. The analysis of Ref. [14]
already recognized the importance of the Vela SNR for
the CR anisotropy in the TeV region but did not account
for magnetic projection effects.
Assuming instantaneous emission of CRs at the be-
ginning of the Sedov phase after 100 years, the max-
imum gradient is reached for an energy around a few
TeV with a density of 3Kiso|∇n?| ' 0.34Q?/kpc3 and
is then expected to quickly fall off. On the other hand,
the cumulative anisotropy from all Galactic sources is ex-
pected to be flat in this energy range and should point
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FIG. 2. An example showing the effect of the Vela SNR on the
average anisotropy from all Galactic SNRs. The data points
show the projected TeV–PeV DA in equal logarithmic energy
steps. The red triangles and green stars shows the anisotropy
evolution with and without magnetic field projections, respec-
tively. The inset plot shows the amplitude of the two simu-
lations. The blue dotted line shows the naive expectation of
the full three-dimensional dipole amplitude without projec-
tion onto the magnetic field and into the equatorial plane.
towards the Galactic center region. Numerically, we find
that the average contribution of all SNRs has a gradi-
ent 3Kiso|∇〈n〉| ' 0.11〈Q?〉/kpc3. Therefore, in this
setup, the Vela SNR can dominate the anisotropy around
10 TeV and its position falls within 120◦ . l . 300◦, con-
sistent with the observed phase of the DA.
The data points shown in Fig. 2 show the predicted DA
from the combined contribution of Vela and the Galactic
average projected onto the equatorial plane. The green
stars and red triangles show the expected anisotropy
with and without the magnetic projection, respectively,
in steps of log10(E/TeV) = 0.2. The projected data is
qualitatively very similar to the TeV–PeV data shown in
Fig. 1. The inset plot shows the amplitude of the ob-
servation with (solid green) and without (red dashed)
magnetic projection. The blue dotted line shows also the
full predicted dipole amplitude, which is not observable
5by ground-based detectors.
Conclusions.—In this study we have shown that the
observed CR anisotropy in the TeV-PeV is consistent with
the paradigm of CR diffusion in the Galactic environment
if one takes into account the effect of local magnetic fields
and (to a lesser extent) the relative motion of the solar
system. For the interpretation of CR data, it is impor-
tant to account for large systematic uncertainties of CR
observation. Let us conclude with a few final remarks.
(i) The traditional analysis method of averaging the
observed relative intensity over declination introduces
cross talk between multipole moments even in the ideal
case of a full sky coverage. In this respect, a two-
dimensional analysis seems more appropriate. The re-
maining cross talk of multipole moments from the limited
FOV (weight function) can be reduced by a joint analysis
of CR data [30, 39, 40].
(ii) The expected DA is a projection of the local CR
gradient onto the magnetic field direction. The observed
DA that results from the projection onto the Celestial
equator is, hence, a measure of the local ordered magnetic
field averaged over distance scales corresponding to the
CR Larmor radius. Depending on the size of systematic
uncertainties of the CR data, this can serve as a new
measure of the local magnetic field direction.
(iii) The projection of the TeV CR dipole onto the
magnetic field axis does not allow one to reconstruct the
CR gradient. However, we can determine the magnetic
hemisphere of the CR gradient by the phase. For the
best-fit local magnetic field inferred by the IBEX obser-
vation, the alignment of the TeV dipole indicates a source
with 120◦ . l . 300◦. We have shown that Vela SNR
could be responsible for the CR gradient in this hemi-
sphere with a transition to a gradient at l ' 0◦ from the
average CR source distribution at higher energies.
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Supplemental Material
East-West Method
The dipole data by EAS-TOP [6] shown in Fig. 1 is
reconstructed via the East-West method. This method
also estimates the dipole amplitude and phase of the rel-
ative intensity after averaging the data over declination.
However, in contrast to expression (5), the dipole is de-
rived from the derivative of the relative intensity with
respect to right ascension.
Let’s assume that the relative intensity is given by a
dipole, I(α, δ) = 1 + δ ·n(α, δ), where n is a unit vec-
tor in the equatorial coordinate system. It is related to
the corresponding unit vector n′(ϕ, θ) in the local coor-
dinate system with azimuth angle ϕ and zenith angle θ
via a time-dependent rotation matrix, n′ = R(t) ·n. (Ex-
plicit expressions of n, n′, and R can be found, e.g., in
Ref. [30].)
Now, at each sidereal time t the CR data is divided
into two bins, covering mirror-symmetric portions of the
East (0 < ϕ < pi) and West (−pi < ϕ < 0) sectors in the
local coordinate system. The event numbers observed
during a short sidereal time interval ∆t are then related
to the relative intensity I and total accumulated detector
exposure E as
NE(t) ' nc∆t
4pi
ϕ2∫
ϕ1
dϕ
θmax∫
0
dθ sin θ E(t, ϕ, θ)I(t, ϕ, θ) , (10)
NW(t) ' nc∆t
4pi
−ϕ1∫
−ϕ2
dϕ
θmax∫
0
dθ sin θ E(t, ϕ, θ)I(t, ϕ, θ) , (11)
with 0 < ϕ1 < ϕ2 < pi. Now, a crucial assumption of
this method is that the exposure E can be expressed as a
product of its angular-integrated exposure E and relative
acceptance A depending only on zenith angle θ,
E(t, ϕ, θ) ' E(t)A(θ) . (12)
Then, the relative difference between the East and West
data is independent of the absolute exposure E(t), and
we arrive at
NE(t)−NW(t)
NE(t) +NW(t)
' ∆α ∂
∂α
δI(α, 0) , (13)
where ∆α is an effective right ascension step size. For
the dipole anisotropy, it can be calculated as
∆α = 〈sin θ sinϕ〉A , (14)
where 〈·〉A indicates the average over the East (or West)
sector with weight A(θ).
The EAS-TOP analysis [6] uses East/West bins with
azimuthal range limited by ϕ1 = 45◦ and ϕ2 = 135◦,
and zenith angle cut θmax = 40◦. The effective right as-
cension step in expression (14) is approximated by the
average hour angle measured from zenith, ∆α ' 〈δt〉A.
The zenith angle distribution of CRs at the position of
EAS-TOP is approximately A ∝ exp(−n/ cos θ) with
n ' 6.6 [41]. Numerically, we can reproduce 〈δt〉A '
1.71h (1h = 15◦), close to the value of 1.7h quoted by
EAS-TOP [6]. However, the exact expression (14) for
the same effective area gives ∆α ' 1.24 h. This corre-
sponds to a correction factor of 1.71/1.24 ' 1.38, which
we use in Fig. 1 to rescale the EAS-TOP data.
Note that the East-West method also introduces cross
talk between small- and large-scale multipole moments.
6SNR l b d [pc] Tage [kyr] Refs.
Loop I 329.0◦ 17.5◦ 170 200 [42, 43]
Vela 263.9◦ −3.3◦ 300 11 [36, 37]
Monogem 203.0◦ 12.0◦ 300 86 [44]
Geminga 197.0◦ −11.7◦ 400 340 [45, 46]
Cygnus Loop 74.0◦ −8.6◦ 440 20 [47, 48]
TABLE II. The position and age of the five closest known
SNRs.
The relative coupling is expected to follow Eq. (7) for
an effective declination range of δ1 = 10◦ and δ2 = 58◦,
corresponding to the time-integrated field of view of the
East (or West) sector (see Table I).
Local Cosmic Ray Density
In the following, we discuss solutions to the isotropic
diffusion equation given by
∂tn−K∆n = Q . (15)
We will work with galactocentric coordinates, where
the position of the solar system is r = (−R, 0, 0).
The position of a source at distance d and observed
at Galactic longitude l and latitude b is then given by
xs = d cos l cos b−R, ys = d sin l cos b, and zs = d sin b.
Here, we consider the case that CR diffusion is lim-
ited to a region bounded by |z| ≤ H and the CR den-
sity vanishes on the boundary, n(z = ±H) = 0. The
appropriate Green function of this problem can then be
derived from the free Green function of the source term
Q = δ(3)(r − rs)δ(t − ts) with the technique of mirror
charges (see, e.g., Refs. [11, 12]). For t > ts we have
G(r, t, rs, ts) = (4piKτs)
− 32
∞∑
n=−∞
(−1)ne−
(r−rn)2
4Kτs , (16)
with rn ≡ (xs, ys, (−1)nzs + 2nH) and τs ≡ t − ts. We
approximate the time-scale τs that has passed since the
(instantaneous) emission of CRs as τs = Tage − TSedov +
d/c, where TSedov ' 100 yr marks the beginning of the
Sedov phase and d/c accounts for the light-travel time.
The Green function (16) describes the contribution of
a CR point source that instantaneously emits CRs with
a spectrum Q?(E),
n? = Q?G(r, 0, rs,−τ) . (17)
The ensemble-averaged contribution of all Galactic
sources can be calculated from the appropriate source
distribution. Here, we use the distribution of supernova
remnants (SNR) following Ref. [34]. The probability
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FIG. 3. The contribution of the five closest SNRs to the CR
density (top) and CR gradient (bottom).
distribution can be expressed in terms of galactocentric
cylindrical coordinates as
ρ(r, z) = ρ0
(
r
R
)α
e
−β r−RR e−
|z|
h , (18)
with α = 2, β = 3.53, R = 8.5 kpc and h =
0.181 kpc. The normalization ρ0 is here chosen such that
2pi
∫
drr
∫
dzρ(r, z) = 1. The ensemble-averaged contri-
bution is then given by
〈n〉 = 〈Q?〉RSNR
∞∫
0
drr
H∫
−H
dz
2pi∫
0
dα
∞∑
n=−∞
(−1)nρ(r, z)
4piK|rn − r| ,
(19)
with rn = (r cosα, r sinα, (−1)nz + 2nH). The factor
RSNR is the Galactic supernova rate and 〈Q?〉 denotes
the ensemble-averaged emission spectrum of the sources.
We can now estimate the effect of a single local source
by the sum n ' n?+ 〈n〉 and the corresponding equation
for the gradient. Note that in the case of universal source
spectra, Q? = 〈Q?〉, the dipole (1) is independent of the
source spectrum. The energy dependence is then entirely
determined by the dependence of the Green function on
the diffusion coefficient.
In Figure 3 we show the density (top panel) and den-
sity gradient (lower panel) of the smooth distribution
(19) (solid lines) and for the five closest known SNRs
(dashed lines) listed in Table II. The calculation assumes
7the same parameters used in the main text, i.e., a source
rate RSNR = 1/30 yr−1, a vertical diffusion height of
H = 3 kpc, and an (effective) isotropic diffusion coef-
ficient K ' 4× 1028(E/3GeV)1/3cm2/s.
Whereas the contribution of the local sources to the
overall density is negligible, the gradient of Vela can dom-
inate the CR gradient below 100 TeV. Another strong
contribution is expected from the Cygnus Loop, in par-
ticular if the emission were slightly larger than the av-
erage. However, the Cygnus Loop appears in a different
magnetic hemisphere (l ' 74◦) and its dominance would
be inconsistent with the observed dipole data.
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